Abstract. The dynamic distribution of contact stress of friction lining in the process of deep coal mine friction transmission was investigated in this study. Rope tensions during lifting and lowering were obtained using Simulink simulation models first. Then, correlation model of contact stress of friction lining was established. Subsequently, effects of the friction coefficient, lifting load, terminal mass ratio, maximum speed, maximum acceleration and acceleration rate on the dynamic distribution of contact stress were explored. The results show that the wrap angle of the friction pulley is divided into three, i.e. static, mixed, and friction angles, respectively. Furthermore, the friction angle decreases with the increasing coefficient of friction, and the increases of the terminal mass ratio induce expanding trends of overall ranges of the friction angle, which could result in rope skid accidents and unpredictable failure of friction lining.
Introduction
Friction hoist, which is driven by friction force between the friction lining and wire rope, is widely used in deep mine lifting (> 700 m). During friction lifting, the changing lifting rope length and inertial loads result in dynamic tensions of lifting rope [1, 2] . The rope with dynamic tensions wrapped around friction pulley result in elastic deformation of rope and dynamic contact stress on the friction lining. Different contact stress will lead to different friction coefficient which affect the friction force [3, 4] . The elastic deformation of rope result in elastic sliding on the friction lining [5, 6] . Therefore, the elastic sliding between the rope and friction lining has a relationship with dynamic contact stress on the friction lining. Elastic sliding and contact stress between the rope and friction lining is the necessary conditions of friction force. The elastic sliding area on the wrap angle is called the friction angle, and the rest of it is called the static angle [7, 8] . Meanwhile, excessive elastic sliding will result in rope skid accidents due to the insufficient friction force [9] , which might cause the overwinding, overfalling and even cage falling. Therefore, it is of great significance to study the dynamic distribution of contact stress of friction lining and its correlation with the friction and static angles in the process of friction transmission.
In recent years, many scholars have performed extensive research on the friction behavior of wire rope and lining in friction hoist. Kaczmarczyk et al. [10] established a classical mathematical model to investigate the transient vibration phenomena in deep mine lifting ropes, and found that the dynamic tension and vibration of the wire rope is intense at the acceleration and deceleration stages, and the vibration frequency increases with the increasing wire rope length. Etsujiro et al. [11] presented a dynamic simulation of a wire rope involving contacts with a winch drum, and the simulation results show that some lever# operations result in rope looseness and intense pressure fluctuation. Martins and Shim et al. [12, 13] have pointed out that the majority of failure of pulleys are due to fatigue or overload failures, whereas Yao et al. [14] concluded that double rotational frequency of head sheave is the primary excitation frequency and rope tension can change the resonance frequency range, and assessment criteria for axial fluctuating displacements of head sheaves were finally established. Peng et al. [4] studied the effect of contact stress on the friction coefficient under low sliding speed and found that an increase in contact stress of lining within a certain range will increase the friction coefficient. Ma et al. [15] studied the sliding friction and wear properties of the friction lining under different contact stress, with friction-promoting grease applied, and found that grease can effectively reduce the lining's wear and tear in the process of sliding with the wire rope, and the friction coefficient is still around 0.35. Ge et al. [3, 16] studied the relationship between friction coefficient and contact stress of the wire rope and the lining under dry, wet, and greasy conditions in the friction interface. The relational equation of contact stress and friction coefficient was established. The experimental standard of contact stress (1-3 MPa) for sliding contact between the wire rope and the friction lining was formulated. According to the aforementioned studies, most scholars studied the behavior of the wire rope and the lining with static and equivalent constant methods. This method were too simplified and can't reflect the real situation, especially the lack consideration of dynamic tension of the steel rope when defining the contact and friction parameters. However, few studies were conducted on the distribution of the contact stress of the friction lining on the friction pulley under the dynamic tension of the steel rope in the friction hoist.
This study aims to investigate the changing rule of dynamic distribution of contact stress of the friction lining during a lifting cycle. The distribution of the contact stress of the friction lining on the friction pulley reveal the lifting force and antiskid risk. Appropriate hoist parameters will help to improve the ability of the hoist equipment. The results also has guiding significance in the aspect of experimental parameters for the contact and friction between the rope and friction lining. The changing rule of contact stress of friction lining was utilized to reveal the distribution of the friction and static angles within the wrap angle. The corresponding simulation models were established to study the influence of lifting parameters on both the contact stress and the distribution of the friction and static angles. Fig. 1 is a schematic diagram of the multi-rope friction hoist. One side of the friction pulley lift full loaded container and the other side lower empty container. Friction lining is fixed around the surface of friction pulley. A number of ropes assembly in rope grooves on friction lining. When the friction pulley rotates in the clockwise direction, friction force between wire rope and liner driven the ropes lift the loaded container and lower the empty container, respectively. Assume the same friction force of each lifting rope and simplify all the ropes into a single one. Moving coordinates are located at tangent points A and B of the friction pulley with positive directions of coordinate axes pointing upwards and downwards, respectively. Differential equations of rope tension of tangent points A and B is written as [1, 17] :
Dynamic tension of lifting rope

Theory of dynamics of wire rope
where is wire rope tension of point A ( ) or point B ( ), N; is elastic modulus of wire rope, MPa; is sum of cross sections of all wires in a rope, mm is length of the rope between the container and the tangent points of friction pulley, m; length of the tail rope between the container and the guide pulley at the mine bottom, m; is lifting time, s; -are change moment of acceleration (as shown in Fig. 2 ), s; is time from 0 to maximum acceleration, s. When the parameter contains the mass of container and minerals, according to the speed curve as shown in Fig. 2 , is the rope tension of tangent point A. When the parameter contains the mass of container only and converts the speed of Fig. 2 to negative values, is the rope tension of tangent point B. The Rayleigh-Ritz method [7, 9] is employed to deal with the lifting rope and tail rope that one third of which is added to . A simulation model is established by MATLAB-Simulink as Fig. 3 showed. 
Simulation results of the dynamic tension of the rope
Simulink simulation results of the rope tension (points A and B) under the typical work condition (Table 1) are shown in Fig. 4 . The rope tension fluctuates with increasing time and exhibits three stages that correspond to three lifting stages. At the acceleration stage of the lifting side, the rope tension value and amplitude reach the maximum; the maximum tension value is 1160.68 kN, and the maximum amplitude is 113.43 kN. At the acceleration stage of the lowering side, the maximum rope tension is 693.92 kN, and the maximum amplitude is 133.90 kN. friction hoist. is the instantaneous rope tension of tangent point A at the lifting side, is the instantaneous rope tension of tangent point B at the lowering side, is the base of the natural logarithm, is the coefficient of the friction, moving coordinates are located at tangent point B on the friction pulley with positive directions of winding counterclockwise rotation. and − are the friction angle and static angle within the wrap angle, respectively. A related study [18] has shown that the friction angle always appears at the side of separate point B, and the static angle appears at the side of meeting point A. When the tension difference increases between the two sides, friction angle increases to provide enough friction force.
Fig. 5. Rope tension distribution in the instantaneous transmission in the friction hoist
The infinitesimal segment ( ) of the wire rope (as shown in Fig. 5 ) is selected as the research object within the wrap angle.
is the normal force between the rope and the friction lining on the infinitesimal segment, is the friction force, is the friction pulley radius, is the rope diameter, is the number of wire rope, and and + are the tension of the two ends of the rope infinitesimal segment. Tension in the friction angle is distributed by Euler's formula:
Compared with other forces, the centrifugal force is small enough to neglect. The instantaneous contact stress of infinitesimal segment of friction lining under the corresponding rope infinitesimal segment is:
The instantaneous distribution equation of contact stress of friction lining in friction angle can be obtained by substituting Eq. (2) into Eq. (3), i.e.:
The dynamic contact stress distribution equation in the friction angle between the wire rope and the friction lining can be obtained by substituting the rope dynamic tension of the lowering side into Eq. (4) as:
When the rope infinitesimal segment runs around the friction lining of the friction pulley from the meeting point A to the separate point B, the contact stress of the infinitesimal segment can represent the force distribution of friction lining on the entire wrap angle. As shown in Eq. (5), the contact stress is a function of not only position angle but also the time . Before the start of the lifting, the infinitesimal segment of the friction lining at meeting point A is selected as the target to be calculated. According to the above conditions, the angle of the infinitesimal segment at any time is:
where, is the clockwise rotation arc of the infinitesimal segment of friction lining. The point B is the coordinate starting point and changing circulatory within 0 to 2 on the friction pulley.
The static angle is close to meeting point A. Thus, according to Eq. (3), the distribution of contact stress can be represented as: In order to obtain the distribution of the dynamic contact stress of the lining within the entire wrap angle on the friction pulley, a judge program is used to distinguish the friction angle and static angle. The distribution of the contact stress is governed by Eq. (5) when < . By contrast, the distribution of the contact stress is governed by Eq. (7) when . The dynamic contact stress distribution simulation model of the friction hoist is obtained by MATLAB simulink (Fig. 6) . Subsystem is the submodel of (Fig. 7) , subsystems 1 and 4 are the submodels of (Fig. 8) , and subsystems 2 and 3 are the rope tensions submodels of the lifting and the lowering side, respectively. The model can calculate the contact stress of the lining at any positions on the friction pulley.
The dynamic variation of the friction angle in a lifting cycle is shown in Fig. 9 . As shown in the Fig. 9 , the dynamic friction angle shows different changing rules at the acceleration, constant speed, and deceleration stages. The amplitude of the angle in each stage is alternating. The peak value reaches 180° at the acceleration stage, but does not exceed 195° (wrap angle). The first inverted "U" curve is captured from Fig. 12(a) (Fig. 13) . The curve can be divided into three angles, i.e., A, B, and C, according to the characteristics. The alternating frequency is lower in angle A but higher in angle C. According to the reference [7] , the wrap angle of the friction pulley is divided into friction angle and static angle in the statics analysis. So a determination method is proposed that the wrap angle of the friction pulley can be divided according to the dynamic contact stress of lining. Angle A belongs to the static angle on the friction pulley, the elastic sliding is not obvious in this area. The distribution of the contact stress depends on Eq. (7). The changing law depends on the tension . Angle C belongs to the friction angle on the friction pulley, and the elastic sliding of the wire rope is obvious in this area. The contact stress of the lining depends on Eq. (5). The changing law depends on tension . In addition, the changing law of the curve of angle B appears as the extending curve of angle A cuts off the peak of the curve of angle C. Thus, angle B is defined as the mixed angle on the friction pulley. The boundary of the static and friction angles changes in this area. The contact stress of the lining depends on Eqs. (5) and (7) at the same time. The elastic sliding between the wire rope and the lining appears intermittently. Through the method mentioned above, the angle size and the scope of the contact stress of the infinitesimal segment of lining are listed corresponds to Fig. 13 ( Table 2) . According to the reference [7] , the friction angle provides a great majority of the friction force. So, as shown in Table 2 , the angle that participates in the actual work on the friction pulley is from 90° to 195°. However, a large part of the previous angle did not make too much contribution to the supply of friction force.
Due to the frequency characteristic is not as obvious as the first inverted "U" curve, the derivation method is used for each inverted "U" to find out the discontinuous point of curve. Fig. 14 shows the contact stress curve, the contact stress derivative curve, and rotating angle curve. The first discontinuous point of the contact stress curve can be observed through the derivative curve of each inverted "U". The rotation angle that corresponds to this point is the first occurrence of the elastic sliding point 1 in Fig. 14(a) point of each inverted "U" is found during the lifting, then the minimum static angle can be found by comparing the points. The minimum friction angle can be obtained in the same way point 2 in Fig. 14(b) . Then two ultimate boundaries of the friction pulley can be obtained. Thus, the wrap angle can be divided into three ultimate a: I, II, and III. Angle I is defined as the minimum static angle, where elastic sliding is not obvious. Angle III is defined as the minimum friction angle, where elastic sliding always exists. Angle II is defined as the mixed angle, where elastic sliding intermittently appears (Fig. 15) . After the comparison, we find that the boundary of the minimum static angle and the minimum friction angle are 10.6° and 125.5°, respectively. To characterize the difference of the size of the three angles and the contact stress values at different speed stages, the values are found out ( Table 3) .
As shown in Table 3 , the friction angle and the contact stress range reach the maximum at the acceleration stage. The reason is that the dynamic tension is larger at acceleration stage. The friction force is sufficient to balance the tension difference on both sides of the friction pulley. 
Influences of different lifting parameters on the dynamic distribution of contact stress of friction lining
The influence of different hoist parameters on the dynamic contact stress of friction lining is discussed from the aspects of different coefficients of friction, loads, and accelerations. Fig. 16 shows the contact stress of the infinitesimal segment of friction lining when it rotated from meeting point A to the wrap angle (195°). With the increase of the friction coefficient, the static angle becomes larger and the friction angle becomes smaller. A small friction angle can provide enough friction force to balance the tension difference on both sides of the friction pulley. In addition, the vibration of contact stress of the friction lining in the friction angle attenuates over time. This condition is due to the change in the contact angle as the infinitesimal segment approaching the separation point. This change reduces the force on the infinitesimal segment. Furthermore, the contact stress on the infinitesimal segment is lower in the wrap angle of the second half. And a small friction angle indicates a small range of elastic sliding between the friction lining and the wire rope. Then the wear of the wire rope and the friction lining can be reduced. However, this phenomenon will reduce the utilization rate of the friction lining because of the smaller effective working angle on the friction pulley. Table 4 lists the scope of the contact stress of the friction lining in three angles under different friction coefficients. It can be seen from the Table that the scope of the contact stress are different in the three angles, but there are not much obvious changing as the friction coefficients increases. 
Different friction coefficients
Different lifting loads
Figs. 18(a) and 18(b) show the contact stress of the infinitesimal segment of friction lining when it rotates from meeting point A to the wrap angle (195°) under different lifting loads (under the terminal mass ratio 1.6) and different terminal mass ratios (under lifting load of 70 t), respectively. The terminal mass ratio is the ratio of mass at the end of the lifting rope and the lowering rope. Fig. 18(a) shows that the maximum contact stress of friction lining gradually increases as the lifting load increases. But it has a low effect on the distribution of the three angles. The friction angle decreases and the static angle increases a little, respectively. The changing law of the contact stress showed in Fig. 18(b) is contrary to Section 4.1. The reason is that the larger terminal mass ratio means the greater need of friction force. In addition, the terminal mass ratio has a small influence on the maximum contact stress of friction lining, and the influential value does not exceed 2 %. Figs. 18(a) and 18(b) show the ultimate angle of the static, mixed, and friction angles under different lifting loads (under terminal mass ratio of 1.6) and different terminal mass ratios (under lifting load of 70t) during the whole lifting cycle, respectively. Fig. 19(a) shows that the minimum static angle exhibits an increasing trend (34.4°-46.4°) with the growth in the lifting load. Furthermore, the minimum friction angle remains in the range of 143.2°-195°. Consequently, the mixed angle presents a declining trend. However, overall, the lifting load has a lower influence on all angles than the terminal mass ratio. Fig. 19(b) shows that the minimum static angle decreases significantly (from 0-34.4° to 0-0.6°), the minimum friction angle increases (from 143.2°-195° to 91.7°-195°), and the mixed angle decreases (from 34.4°-143.2° to 0.6°-91.7°) with the increase in the terminal mass ratio. a) b) Fig. 19 . Angle of the static, mixed, and friction angles under different lifting load Table 5 lists the scope of the contact stress of the lining in three angles under different lifting loads with the terminal mass ratio 1.6. It can be seen that the scope of the contact stress increase obviously as the lifting loads increases. The maximum contact stress disappears in the static angle (1.91 MPa) when the lifting load reached 95 t. Fig. 20 shows the dynamic changes of contact stress under different maximum accelerations with the maximum speed and acceleration rate remains unchanged. The contact stress peak decreases slightly with the maximum acceleration increases. Moreover, all the maximum values of contact stress are approximately 1.8 MPa. However, the maximum acceleration exerts a low influence on the distribution of the friction and static angles.
Different accelerations
The acceleration rate exerts a low influence on the distribution of the friction and static angles (Fig. 21) . But the maximum contact stress of friction lining has a special characteristic as the acceleration rate decreases. It can be seen from the first inverted "U" curve that the contact stress of friction lining which is larger in the mixed angle become smaller when it arrived in the friction angle. The contact stress of lining decreases (from 1.92 to 1.78 MPa) as the acceleration rate decreases (from 1.25 to 0.34 m/ s -3 ). Table 6 lists the scope of the contact stress of friction lining in three angles under different acceleration rate with the maximum acceleration remains unchanged (0.75 m/s). As the acceleration rate decreases, the scope of the contact stress increases in the friction angle. Some researches has shown that the friction force increase as the static contact stress of lining increase within a certain range [15, 16] . And as we know from this paper, the major friction force come from friction angle and mixed angle. But a smaller acceleration rate will reduce work efficiency. Comprehensive consideration of friction force and the work efficiency, the relationship between the friction force and the dynamic contact stress need to be further studied with some experimental tests. Yongbo Guo: main work of modeling, analysis, and writing. Dekun Zhang: overall arrangement, analysis, modify, proofread. Dagang Wang: assist in modeling. Yuan Liu: part of the translation. Cunao Feng: part of the translation.
Conclusions
The dynamic tension values and tension difference of both sides of the friction pulley are obtained based on a simulation of real work condition of the hoist. The rope tension and the tension difference present a variation law with different amplitudes at different stages. In addition, the tension amplitude and amplitude variation reach a maximum level at the acceleration stage. With the help of these variation laws, the dynamic contact stress of friction lining and the distribution model are established. Model analysis determined that the contact stress on a certain point of the lining varies with the change in time within a wrap angle. Under the work condition in this paper, the maximum contact stress of lining can reach 1.9 MPa at the acceleration stage.
The calculation method is proposed that the wrap angle between the friction lining and the wire rope is divided into three angles, which corresponding to static, mixed, and friction angles, respectively. The range of each angle is evaluated: minimum angle (0-10.6°), mixed angle (10.6°-125.5°), and minimum friction angle (125.5°-195°). The peak of the contact stress of lining varies within the range of 1.5-1.8 MPa.
The influence of different hoist parameters on the dynamic contact stress of lining is analyzed. The analysis points out that static angle increases (from 0-1.1° to 0-93.4°) and the friction angle decreases (from 27.5°-195° to 107.7°-195°) with the increase of friction coefficient. Moreover, the maximum contact stress of the lining increases gradually (from 1.5 to 1.9 MPa) as lifting load increases (from 70 to 95 t). Furthermore, terminal mass ratio has a low influence on lining maximum contact stress (< 2 %). Minimum static angle decreases (from 0-34.4° to 0-0.6°), and minimum friction angle increases (from 143.2°-195° to 91.7°-195°) as the terminal mass ratio increases (from 1.6 to 2.2). In addition, the maximum contact stress of friction lining decreases (from 1.92 to 1.78 MPa) with the acceleration rate decreases (from 1.25 to 0.34 m/s -3 ) However, the lifting maximum acceleration, acceleration rate and the maximum speed have a low influence on the distribution of contact stress of lining (< 1 %).
